Abstract-We have proposed the use of a single bent singlemode-multimode-singlemode (SMS) fiber structure to measure both displacement and temperature simultaneously and independently. Our experimental results show that this sensor has a sensitivity of 5.89 pm/ m for displacement and 11.6 pm/ C for temperature.
I. INTRODUCTION

F
IBER Bragg grating (FBG) based optical sensing has been extensively investigated and is widely used in bridge, civil and aerospace structural health monitoring, river surveillance etc. [1] , [2] . Since a FBG is sensitive to both temperature and strain, it is difficult to determine whether the wavelength shift is introduced by temperature or strain when the FBG sensor is used in a variable temperature environment. Numerous investigations have been carried out to address this problem, for example by use of an additional FBG sensor in the same environment to measure the temperature [3] or by using a specially designed cantilever beam as a strain agent for a FBG sensor [4] . Recently several other authors have published alternative approaches to overcome this problem [5] - [8] . More recently we have proposed a specially designed SMS fiber structure to compensate temperature induced errors for a FBG strain sensor [9] . A SMS fiber structure can also be used for sensing and is much easier to fabricate than a FBG and therefore a sensor based on a SMS fiber structure will be more economic than that based on a FBG. As a SMS sensor is sensitive to both strain (displacement) and temperature [10] , it should also be possible to use a SMS fiber sensor for simultaneous measurement of displacement and temperature. However the cross sensitivity of the SMS fiber structure causes similar problems to those experienced with FBGs. In this letter we propose for the first time a new way to use just one bent SMS fiber structure as a sensor for measuring both displacement and temperature simultaneously and independently. 
II. SYSTEM DESCRIPTION
A schematic diagram of the SMS fiber structure is shown in Fig. 1 .
The multimode fiber (MMF) in Fig. 1 has a step-index profile. As described in [9] , the light injected into the MMF from a single mode fiber will excite multiple modes propagating in the MMF. When these modes are coupled into the output singlemode fiber (SMF), as a result of interference, the transmission spectrum is wavelength dependent. By careful selection of the length of the MMF, the SMS fiber structure can have a bandpass spectral response for a given wavelength range.
The experimental setup used is shown in Fig. 2 . The MMF section of the SMS fiber structure is temperature controlled. Point A of the SMF is glued to a fixed object and C is fixed to a translation stage providing displacement along the y axis. Point B lies at the center of the multimode section so that the SMS structure is in contact with a circular mandrel with a diameter of 1.4 mm. When displacement is applied by the translation stage, the fiber section BC will move to the position BC , so that the multimode section is bent around the mandrel. The bend in the SMS structure is found to significantly influence the transmission characteristics of the SMS structure.
Because of the bend in the fiber structure the refractive index distribution in the multimode section of the SMS structure is no longer symmetric. As a result a simulation based on a guided mode propagation method [11] involves solving for hundreds of excited modes and thus is not feasible. However in order to give an approximate insight into the influence of the fiber bend, a three-dimensional simulation based on the beam propagation method (BPM) is employed to demonstrate the transmission behavior in the MMF section for both straight and bent SMS fiber structures. The simulation results are shown in Fig. 3 with a semivectorial variation at a wavelength of 1550 nm.
In our simulation, the single mode fiber has a core diameter of 8.3 m and the MMF has a diameter of 105 m and the refractive indices of the core and cladding are 1.4446 and 1.4271 respectively. The bent diameter of the MMF portion is 1.4 mm. The length of the MMF section which undergoes a bend is estimated from the experimental setup to be 25 m. The equivalent refractive index distribution used in our simulation for the bent fiber portion is (4) in [12] .
The visual results of the simulation presented in Fig. 3 provide with an approximate idea of how physically the bend influences the transmission within the SMS fiber structure. Fig. 3(a) shows that the field distribution in the MMF section for a straight SMS is symmetric, relative to the propagation direction (the z direction in the figure). However for the bent SMS structure, while the field distribution is symmetric up to the bend point (at mm in Fig. 3(b) ), beyond this point since the bent fiber portion has effectively an asymmetric refractive index distribution [12] , the modes excited in the bent fiber portion are also asymmetrically distributed. As a consequence in the remaining straight section of the MMF, the field distribution is also asymmetrical, in particular at the reimaging point where the SMF is attached. The bend therefore, even though it occupies only a small proportion of the total MMF length has a profound effect on the overall transmission characteristics of the SMS structure.
III. EXPERIMENTAL INVESTIGATION
Experimental investigations were also carried out for the proposed sensor based on a bent SMS fiber structure. The singleand multimode fibers used in our experiments were SMF28 and AFS105/125Y respectively. The MMF section has a length of 39 mm. Point B is located at a distance of 3 mm from the centre of the MMF section. The lengths AC and BC were 158 and 75.5 mm respectively and were chosen for experimental convenience. Firstly for comparison purposes the spectral response of a straight SMS fiber structure was investigated. The spectral responses at three different displacement and temperature values are shown in Fig. 4(a) . For a straight SMS fiber structure the displacement is applied along the x axis running from A to C as shown in Fig. 2 . The results show that as displacement increases, the spectrum shifts to shorter wavelengths. As temperature increases, smaller but detectable spectral shifts also occur toward longer wavelengths. In all cases, the spectral shape remains unchanged. Since spectral shift can be introduced by either displacement or temperature, it is therefore not possible to discriminate between these two measurands using only a straight SMS fiber structure.
However this cross sensitivity issue can be solved using a bent SMS fiber structure. The spectral responses of the SMS fiber structure at different temperatures and displacements are shown in Fig. 4(b) . In our experiments, an initial displacement of 2.7 mm along CC was applied to the SMS structure to provide a bend at the point B in Fig. 1 . Subsequent displacements along CC are all relative to this initial displacement. Fig. 4(b) shows that at a fixed displacement, as temperature increases, the centre wavelength increases but the bandwidth variation is very small; at a fixed temperature, as displacement increases, there is a blue-shift for the centre wavelength and the bandwidth increases considerably. This result indicates that the displacement and temperature can be discriminated by measuring changes in both the central wavelength and bandwidth of the spectrum for a bent SMS fiber structure. Further investigations for the central wavelength and bandwidth shifts versus displacement and temperature were carried out and the experimental results are shown in Fig. 5 . The slope values (K coefficients) are calculated and are also shown in Fig. 5 , for use later in this letter.
To determine the wavelength and 3 dB bandwidth shift versus displacement, measurements were carried out firstly by applying displacements with an increment of 50 m while keeping the temperature constant at fixed values of 20, 30, 40 and 50 C respectively. Figs. 5(a) and (b) show that at a fixed temperature, as displacement increases the centre wavelength and 3 dB bandwidth linearly decrease and increase respectively. shift is proportional to the measured temperature but the 3 dB bandwidth remains unchanged. The relationship between the central wavelength, 3 dB bandwidth shifts, displacement and temperature can be expressed using a matrix as follows: (1) where and are the central wavelength and 3 dB bandwidth shifts, and are the displacement and temperature changes.
are the matrix coefficients for wavelength/displacement, wavelength/temperature, bandwidth/displacement, bandwidth/temperature respectively. To obtain the matrix coefficients, a linear fit is applied to each measured characteristic in Figs. 5(a)-(d) . It is noted that all the data in Figs. 5(a)-(c) display a good linearity with , but the data in Fig. 5(d) display poor linearity. This is due to the fact that the bandwidth shift in Fig. 5(d) is very small and thus the value is very small and in practice is difficult to determine in a repeatable fashion due to random factors such as temperature variations, noise and vibrations. Thus in this letter is set to zero. The coefficient matrix in (1) is thus:
Hence we have
Equation (3) demonstrates that the 3 dB bandwidth is only sensitive to displacement so that once the 3 dB bandwidth is measured, the displacement can be determined using (3). Since both central wavelength and 3 dB bandwidth can be simultaneously measured using an optical spectrum analyzer (OSA), the displacement and temperature can be determined using (3)-(4).
IV. CONCLUSION
In conclusion we have reported an experimental study of a novel and cost effective bent SMS fiber sensor for measuring displacement and temperature. The sensor has an experimentally demonstrated displacement sensitivity of 5.89 pm/ m and a temperature sensitivity of 11.6 pm/ C. Experimentally we have noted that the bent point along the MMF section has an influence on the spectral response, displacement measurement range and sensitivity. However our experiments show that such deviations need to be in the order of mm before an adverse effect occurs, for example for a 2 mm bent point deviation, the measurement range and sensitivity will be reduced by a half.
